Electron-cloud effects (ECEs) are a critical issue for all modern high-energy charged particle accelerators. As a consequence of the strong coupling between the positively charged particle beam and the cloud of low energy electrons, detrimental machine instabilities may occur. [1] [2] [3] [4] [5] [6] [7] An efficient ECEs mitigation strategy is nowadays considered as a top priority challenge for the commissioning of the High Luminosity-Large Hadron Collider (HL-LHC) 8, 9 and for the protonproton Future Circular Collider (FCC-hh). 10 An intense program to study the driving forces governing ECEs formation has been recently launched. 2, 3, 5, 6, 11 Together with this study and complementary to it, a series of solutions have been proposed to mitigate ECEs. One of the main parameters governing the possibility to initiate ECEs effects in accelerators is the capability of their vacuum components to produce secondary electrons when an electron impacts the wall. 2, 5, 12 The Secondary Electron Yield (SEY) is defined as the ratio of the number of electrons leaving the sample surface (I out ) to the number of incident electrons (I p ). Some ECEs mitigation strategies have the objective of reducing such SEY, 5, [13] [14] [15] [16] and surface geometrical modification has been proved to be quite effective for this purpose. Macroscopically grooved surfaces do reduce the SEY and hence ECEs, 14, [17] [18] [19] [20] [21] but they may increase the machine impedance well above the available budget. 22 Therefore, this solution must be considered with great care. A second approach consists in rendering surfaces rough at a microscopic or even nanoscopic level. Recently, an engineering method based on laser ablation (LASE) has been proposed. LASE can modify the surface at the nanoscale. It ensures an impressive reduction of SEY down to values even less than 1, depending on the detailed process and substrate material. 23, 24 Moreover, this technology can be easily implemented both in situ and for large scale production. 25 The appealing and advantageous results of laser processing have brought in a short time laser treated copper (LASE-Cu) surfaces to be proposed for use in future accelerator technology. LASE-Cu is a potential candidate for mitigating ECEs expected to occur on the beam screen (BS) in the cold bore of the dipoles of HL-LHC 8,9 and FCC-hh. 10 However, before definitely including LASE-surfaces in the machine design, the consequences of having a rough rather than a flat wall in the cryogenic ultrahigh vacuum (UHV) should be carefully evaluated.
When accelerator vacuum components are at cryogenic temperature, even small and unavoidable temperature (T) fluctuations may cause undesirable vacuum transients. If T is low enough, residual gas molecules such as H 2 , CO, CO 2 , H 2 O, and CH 4 may be adsorbed on the cryogenic walls. Any T increase may induce their desorption and an unwanted pressure increase. 26 Many are the physical reasons requiring a very low operating vacuum pressure in an accelerator (p $ 10 -8 -10
-10 mbar) and are specific to it and to its operandi mode. 27, 28 High p, even if only for a short time or in a small section of the accelerator, may indeed have significant detrimental effects on machine performances. Therefore, a cryogenic vacuum system should avoid vacuum transient and pressure excursions. 29, 30 This is why the choice of the working T of the cryogenic components is of paramount importance for the machine performances. For this reason, the BS in the cold bore of LHC is efficiently working at T $ 20 K. For cost reasons and the available cooling budget, the cold bore of FCC-hh has been proposed to operate in a temperature range between 40 K and 60 K. 31 Even for the high luminosity upgraded sections of LHC, the possibility either to operate its BS at $20 K 9 or to increase T to 40-60 K is presently under study. 32 At these temperatures, indeed, the saturated vapor pressure curves of the residual gas species adsorbed on the BS flat surfaces 33 are compatible with the operational pressure range planned for these machines. 28 In the complex adsorption/desorption process on metal surfaces, different contributions are known to arise. [34] [35] [36] One is due to the three-dimensional ice layers and is dominant in a multilayer coverage regime. In this regime, the desorption T is basically determined by the saturated vapor pressure curve. 33 In a lower coverage regime, close or less than a monolayer, the adatoms are in direct contact with the surface and will generally be more strongly bound to it. Submonolayer coverages in direct contact with a metallic surface will require an higher temperature to desorb. Also, defect sites can increase the adsorption energy of many adsorbates, thus leading to desorption contributions at higher T. [34] [35] [36] In accelerators, residual gases physisorb on flat technical surfaces. Such surfaces have a limited number of surface defects and are anyway covered by a contamination layer. For those flat technical samples, the desorption properties are dominated by the multilayer gas properties. This could not be the case for strongly modified surfaces. In the case of any porous structure and, specifically, for laser treated samples, the nanostructure surface may trap more efficiently adatoms even in the presence of adsorbed contaminants. Shifts of desorption T at higher values with respect to the one foreseen by the saturated vapor pressure curve and a significant spread of desorption T have already been observed in various porous systems. [37] [38] [39] [40] At cryogenic temperature, if strongly morphologically modified surfaces are present in the vacuum system, the evaluation of the saturated vapor pressure curves may not be sufficient to assess the absence of vacuum transient during small temperature fluctuations. Therefore, it is mandatory to explore the behavior of adsorbates on the artificially roughed surfaces as a function of temperature.
Here, this issue is investigated for a general case, by determining the thermal desorption characteristics of Ar dosed on a representative substrate of the LASE-Cu family. Ar has been chosen since its vapor pressure curve covers the p-T region of interest for the HL-LHC and FCC-hh operation conditions. 33 Ar is anyway a representative of a more general behavior we observe to occur also in the case of other gasses. The present study may be of relevance also for a vast number of applications, going from plasma physics 19, 21 to satellite spacecharge and radio-frequency break down, 18 where surface nanostructuring to reduce SEY is also being considered.
Experiments were performed at the Material Science Laboratory of the LNF-INFN (Frascati, Italy) in a UHV chamber, having a base pressure of p < 2 Â 10 -10 mbar and equipped with an He cooled cryogenic manipulator at the end of which we can insert, in the UHV condition, the sample under study which remains electrically insulated. The sample temperature can be varied and PID stabilized (within less than 0.2 K) in the 15-400 K range using a resistive heater controlled by a diode. Such a heater and a diode are placed on the grounded sample holder. Gas was delivered on the substrate held at 15-18 K by a gas dosing tube. This doser is built with chicanes so that the gas delivered onto the surface has a controlled speed and has an opening as big as the samples under study. It can be reproducibly inserted very close (<1 mm) to the sample surface, to reduce the dose seen by other cold surfaces or retracted away from it. In the retracted position, we can confidently assume that the amount of gas seen by the sample is the same as the one measured using the pressure gauge and mass spectrometer. The gas was dosed through a leak valve at a pressure of p $ 1.2 Â 10 -9 mbar. The dosing units are given in Langumir (1 L ¼ 1.33 Â 10 -6 mbar s). A 1 L dose (performed with the retracted doser) on the flat polycrystalline surface can be approximately assumed to be 1 monolayer (ML). This conversion is obtained by considering a mean density of Cu atoms on a polycrystalline surfaces lacking crystalline order and assuming an Ar sticking coefficient close to 1. 41 This equivalence has been used when calibrating the coverage on the flat sample by using SEY. LASE-Cu has an actual surface available for sticking Ar significantly larger than its sample geometrical surface. Therefore, the thickness of an Ar layer could be different on the porous and on the flat substrates even for nominally equal doses. Moreover, the assumption that the Ar pressure seen by the flat surface is homogeneous in all the porous fractals of the LASE-Cu cannot be considered to be valid. Therefore, the number of atoms deposited onto the LASE-Cu may depend on the actual sample nanostructure. Since the goal of this letter is to compare the behavior of LASE and flat Cu, we use a common variable for both cases, and since a ML on LASECu is ill-defined, Langmuir units are used. The set-up is capable of measuring SEY to characterize the coverage of the Ar/poly-Cu surface. Experimental details about the SEY measurements are reported elsewhere. 2, 5, 11, 42 SEY is known to be very sensitive to the presence of any overlayer, 43 and, more specifically, it depends on the actual Ar thickness. 5, 43, 44 Desorption was studied as a function of T, performing Thermal Programmed Desorption (TPD) measurements by using a quadrupole mass spectrometer (Hiden, HAL 3F PIC) while heating the sample with a rate of 0.005 K/s. Two categories of Cu substrates of 8 Â 8 mm 2 were used: the flat Cu substrate and a representative sample of the LASE-Cu materials. The flat substrate is polycrystalline Cu (poly-Cu) with surface roughness less than 20 nm, as estimated by AFM measurements. Its cleanliness was addressed by SEY. 43 The
Applied Physics Letters ARTICLE scitation.org/journal/apl multilayer TPD results coming from it are anyway independent of the surface cleanliness. The LASE-Cu consists of copper colaminated stainless steel, the surface of which has been engineered by the pulsed laser ablation technique.
23 Figure 1 shows the Scanning Electron Microscopy (SEM) images of the LASE-Cu sample, acquired with different magnifications using a SNE-3200M Tabletop SEM. In accordance with previous studies, [23] [24] [25] LASE-Cu surface topography is characterized by an inhomogeneous coral-like structure made of agglomerated nanoparticles forming a submicrometric highly porous network.
Three increasing Ar doses were considered, namely, 10, 25, and 100 L. We used such high doses so that, on the flat sample, we are in the multilayer regime. This is the coverage typically expected to occur in long exposures to residual gasses in an accelerator cryogenic environment.
29 Figure 2 shows the SEY curves acquired as a function of Ar dosed from far on the poly-Cu sample and are in good agreement with literature results. 44 It is evident from Fig. 2 how sensitive is SEY to variations in Ar coverages, showing the effectiveness of using this simple spectroscopy as a technique capable of estimating them. By doing so, we can precisely (610%) estimate the effective dose seen by the samples when dosing close to its surface even if, in the latter case, the pressure measured by the gauge and quadrupole is not representative of the Ar pressure seen by the surface. We could then set the dose parameters to be able to study the three aforementioned Ar doses also for the TPD experiments. SEY measurements on the Ar multilayer on the poly-Cu sample performed during TPD were also used for the sample temperature calibration. This was done for different gasses whose desorption temperature is in the T range that we are interested in. Below the T at which a certain gas multilayer desorption takes place, SEY is indeed one of the thick multilayers; just above this temperature, the measured SEY is the one of clean poly-Cu. Those transition temperatures, at which the gas multilayer desorbs from the surface, 33, [45] [46] [47] have been used to calibrate the T read on the manipulator diode against the real surface temperature.
In Fig. 3 , the TPD results are shown. The desorption curves observed from Ar dosed on the flat poly-Cu sample [ Fig. 3(a) ] show a sharp peak at T $28-30 K, having a Full Width at Half Maximum (FWHM) of $4 K. Above this peak, a $10, 25, 100 times smaller signal is expected to appear due to the desorption of the first monolayer. 46, 47 At present, our set-up does not allow us to observe it since not only it is too small but also probably hidden below the manipulator background signal which has been set to zero. As said before, the investigation of the monolayer/submonolayer regime is out of the scope of the present work. The data shown in Fig. 3(a) for the flat poly-Cu are in agreement with previous literature findings. [46] [47] [48] This single peak corresponds to the desorption of a condensed thick Ar layer. Its temperature is determined by the weak Ar-Ar van der Waals interaction energies. 33, 45 In the inset of Fig. 3(a) , we show the integral of the desorption peak. For the flat samples, the area under the sharp desorption peak linearly increases with the Ar dose, confirming that, in the studied coverage range, the sticking coefficient remain reasonably constant.
The desorption curves measured on the Ar dosed LASE-Cu surface [ Fig. 3(b) ] are characterized by broad profiles, whose peak temperatures and widths depend on the Ar dose. On increasing the Ar coverage by dosing 10, 25, and 100 L, the almost bell-shaped curves are centered at T $ 56 K, T $ 52 K, and T $ 50 K and have FWHM values of about 15, 20, and 25 K, respectively. Moreover, after 25 and 100 L, the Ar desorption at T $ 28-30 K is also observed. As reported in the inset, the area under the curve does not increase linearly on increasing the Ar dose. While there is not a final explanation to this observation, it could be an intrinsic feature of the porous nature of the sample that requires further study.
The marked differences in the Ar desorption behavior between the flat and the LASE surfaces clearly point out to the significant dependence of the process on the surface morphology. As already shown in Fig. 1 , the laser treatment results in the formation of submicrometric and nanometric pores. Such micro-and nanostructuring, on the one hand, dramatically increases the specific surface, making the area accessible to atomic/molecular species much larger than the one available in the flat sample. On the other hand, the resulting nanostructured morphology determines a local increase in the adsorption energy for the Ar atoms in correspondence of under-coordinated sites and defects. 35, 36, 49 The desorption of the Ar atoms close to defected surfaces and/or trapped in the pores of the LASE-Cu surface is shifted to higher temperature. In contrast, multilayer Ar atoms, which basically feel only the Ar-Ar forces, desorb around 28-30 K, as in the case of the flat sample. The broadening of the high temperature TPD component measured for the LASE-Cu samples cannot be attributed to the spread of the adsorption energies only but, following the pore geometry limited desorption model, 38 a contribution in this sense might also derive from multiple desorption-re-adsorption cycles in the inner submicrometric pore. The progressive occupation of all available adsorption sites (pores wall included) could explain the gradual broadening of the TPD peak above 30 K observed with increasing Ar dose.
This investigation serves as a proof of principle to address the vacuum compatibility of LASE-Cu when used at cryogenic temperature in high-energy particle accelerators. More in general, the data here presented call for additional careful studies to validate the use in cryogenic vacuum of all very rough or porous surfaces. In this contest, even the growth mode of the amorphous carbon (a-C) coating proposed for the base-line design of HL-LHC 9 must be studied and optimized in light of the present results. In fact, it is known that, depending on the actual mode and mechanisms used to grow the a-C film, it can be produced nearly as rough as the LASE. 32 Although all these porous materials are intrinsically optimal e À -cloud suppressors, troubling consequences could arise from their exploitation in a UHV environment at cryogenic temperature. Their gas desorption may spread over a broader than expected temperature range. From the point of view of their vacuum behavior, this could render very difficult to find temperature intervals where vacuum transients can be excluded to occur for all the molecular species composing the residual gas in the accelerator.
Conceptually identical data have been obtained by dosing the two different Cu surfaces with CO and CH 4 . These gasses are expected to be part of the residual gas composition of any accelerator vacuum system. For these gasses, when measuring TPD from a flat surface, we observe a sharp peak (with a FWHM $ 4 K). Such a TPD signal increases on increasing gas doses and occurs at the specific desorption T characteristic of the dosed gas layer. 33 When dosing on LASEsurfaces, an identical behavior as the one shown in Fig. 3(b) is observed. The TPD curves measured from CO and CH 4 on the LASECu surface are characterized by the same presence of the additional broad component, as observed and discussed for the Ar case. This confirms that what has been here presented to occur for Ar deposition on porous materials does not depend on the Ar gas properties but depends on the micro-nanostructure of the substrate. The observed behavior has to be expected to occur for all cryosorbed gasses.
In conclusion, while the use and optimization of LASE and of all porous surfaces to mitigate SEY is quite advanced, a significant additional experimental campaign is necessary to validate their use in future accelerators. Given the present understanding, their vacuum behavior need to be carefully studied and confirmed to be compliant with the usually very stringent vacuum requirements of most cryogenic accelerators. Moreover, it is worth noting that non-thermal mechanisms are also acknowledged to markedly contribute to accelerator vacuum behavior. Dynamic processes, such as ions, electrons, and photons stimulated desorption, 50 will always occur during accelerator's performance. The investigation of these effects is then mandatory to completely assess the validity of LASE and, more in general, of any porous surfaces in accelerators.
